Mucins are complex and heavily glycosylated O-linked glycoproteins, which contain more than 70% carbohydrate by weight [1][2][3] . Secreted mucins, produced by goblet cells and the gastric mucosa, provide the scaffold for a micrometers-thick mucus layer that lines the epithelia of the gut and respiratory tract 3,4 . In addition to mucins, mucus layers also contain antimicrobial peptides, cytokines, and immunoglobulins [5][6][7][8][9] . The mucus layer is an important part of host innate immunity, and forms the first line of defense against invading microorganisms 8, [10] [11] [12] . As such, the mucus is subject to numerous interactions with microbes, both pathogens and symbionts, and secreted mucins form an important interface for these interactions. The study of such biological interactions usually involves histological methods for tissue collection and staining. The two most commonly used histological methods for tissue collection and preservation in the clinic and in research laboratories are: formalin fixation followed by paraffin embedding, and tissue freezing, followed by embedding in cryo-protectant media.
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Paraffin-embedded tissue samples produce sections with optimal qualities for histological visualization including clarity and well-defined morphology. However, during the paraffin embedding process a number of epitopes become altered and in order to study these epitopes, tissue sections have to be further processed with one of many epitope retrieval methods 13 . Secreted mucins and lipids are extracted from the tissue during the paraffin-embedding clearing step, which requires prolong incubation with organic solvents (xylene or Citrisolv). Therefore this approach is sub-optimal for studies focusing on the nature and distribution of mucins and mucus in vivo.
In contrast, freezing tissues in Optimal Cutting Temperature (OCT) embedding medium avoids dehydration and clearing of the sample, and maintains the sample hydration. This allows for better preservation of the hydrated mucus layer, and thus permits the study of the numerous roles of mucins in epithelial biology. As this method requires minimal processing of the tissue, the tissue is preserved in a more natural state. Therefore frozen tissues sections do not require any additional processing prior to staining and can be readily analyzed using immunohistochemistry methods.
We demonstrate the preservation of micrometers-thick secreted mucus layer in frozen colon samples. This layer is drastically reduced when the same tissues are embedded in paraffin. We also demonstrate immunofluorescence staining of glycan epitopes presented on mucins using plant lectins. The advantage of this approach is that it does not require the use of special fixatives and allows utilizing frozen tissues that may already be preserved in the laboratory.
Representative Results
A comparison between tissue samples embedded in paraffin to frozen tissues embedded in cryo-protectant media (OCT) revealed striking difference in the preservation and quality of staining for mucin glycoproteins. Tissue staining with histochemical dyes, such as Alcian Blue and Periodic Acid Schiff, produce very different results in comparable tissue sections from frozen or paraffin embedded samples (Figure 1 ). It appears that the organic solvent (xylene or Citrisolv) that is used during the paraffin embedding process affects the distribution of secreted mucins on epithelia as well as removing much of the glycolipids from the samples (Figure 2) . As a result, the mucus layer appears collapsed on the mucosa cells and is mostly found in goblet cells. Flash freezing of tissues in cryo-protectant media (OCT) maintained sample hydration and preserved the secreted mucins layer dimensions. The paraffin embedding process affected other mucus-associated glycans and glycolipids in a similar way. Glycan distribution was examined using lectins, which are routinely used for glycan detection ( Figure 3 ) and antibodies against epitopes found on mucins and glycolipids ( Figure 6 ). Because lectin binding is not well defined and is affected by the spatial distribution of glycans as well as the glycan structure 14, 15 , it is important to apply the appropriate controls for lectin staining. Here we demonstrate two methods for controlling lectin staining on the tested tissues: enzymatic cleavage and competitive inhibition. Cleavage of the glycan epitopes was done by digesting the tissue section with glycan-specific enzymes, for example bacterial sialidase as control for sialic acid binding by SNA (Figure 4) . In cases where specific enzyme (e.g. glycosidase) is not available for removing the glycan epitope studied, lectin specificity can be confirmed by adding a competitive inhibitor such as Melibiose for Jacalin staining or Chitin-hydrolysate for sWGA staining ( Figure 5 ).
We demonstrate here that snap-frozen tissue samples, which are routinely obtained in the clinic and in research laboratories, can be further embedded in OCT and used to study mucin glycoproteins and the many glycans present on them. . In contrast, Citrisolv incubation reduced Alcian Blue staining and confined it to goblet cells (middle row, right image) in a pattern that was similar to that seen in paraffin-embedded tissues (Figure 1) . These data imply that the strong staining of mucus granules in paraffin-embedded samples is due to shrinking and condensing of mucus in the goblet cells during the clearing step. The fainter and less dense staining of mucus in frozen OCT-embedded tissues reflects a more natural distribution of mucus in the tissue. Higher magnifications of boxed areas are marked with arrows. Scale bars indicate 50 μm (top and middle rows) and 10 μm (bottom row). Figure 6 . Detection of secretory mucins, glycolipids and glycan epitopes in frozen human colorectal cancer tissues. Colorectal cancer biopsies from villous carcinoma and mucous carcinoma were snap-frozen in liquid nitrogen and embedded in OCT. Tissue sections were incubated for 1 h with antibodies against the secreted mucin MUC5AC, sialyl Lewis a -glycan epitope found on gangliosides (colorectal cancer marker CA 19-9), and sialyl-Tn -abundant glycan epitope on mucins (detected with TKH2 antibody), followed by 30 min incubation with biotinylated donkey anti-mouse IgG secondary antibody, and 30 min incubation with peroxidase-conjugated streptavidin. Additional tissues were incubated for 1 hr with the biotinylated lectins SNA and sWGA, followed by 30 min incubation with peroxidase-conjugated streptavidin. Peroxidase staining was developed using AEC kit. Black scale bar indicates 200 μm.
Discussion
Preservation of mucus and glycan epitopes in frozen tissues is superior to that of tissues that were embedded in paraffin. We demonstrated the preservation of secreted mucus layer (Figures 1 and 3 ) and the distribution of three glycans structures (Figure 3 ) in frozen tissues compared with paraffin-embedded tissues. Specialized fixatives, such as Carnoy's solution (60% ethanol, 30% chloroform, 10% acetic acid) 17 have been developed for optimal preservation of the mucus layer in tissue samples. Optimally, this solution should be used to collect tissue samples that are dedicated for mucus studies and was shown to preserve the smooth appearance of mucus layer [16] [17] . The mucus layer in unfixed frozen samples embedded in OCT appears rugged and in some areas may detach from the tissue, however the overall layer thickness is in agreement with that observed in tissues that were fixed with Carnoy's solution and embedded in paraffin [16] [17] . For example, the mucus layer in frozen human colon tissue section is ~100 μm (Figure 1) , which is within the range reported for Carnoy's-fixed human colon sample 55.4±2.5 μm (range 7.7 -204.8 μm) 16 .
It has been known for decades that ethanol dehydration results in ~30% shrinkage of biological samples 18 , and that organic solvents such as xylene, Citrisolv and chloroform extract lipids, glycolipids and, to some extent, proteins from the tissues 13 . Tissue processing for paraffin embedding includes the following steps: fixation (10% buffered formalin), dehydration (increasing ethanol concentration), and clearing (Citrisolv or xylene). By mimicking these steps on unfixed frozen tissue sections, we demonstrated that Citrisolv extracts mucus from frozen tissue sections resulting in tissue morphology that is similar to that of paraffin-embedded tissues (Figure 2, right panel) . In contrast, the mucus layer was not altered by incubation with formalin or ethanol (Figure 2, left and center panels) . This suggests that the clearing step of standard paraffin embedding procedure, which requires prolonged incubation in Citrisolv/xylene, results in the collapse of the mucus layer. Formalin fixation does not damage the mucus layer and frozen tissues sections that were fixed with formalin can readily be stained with lectins and antibodies against
